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Magnetic fields penetrate conventional superconductors via normal state metallic inclusions, or vortices,
which can exist in fluid or frozen states. At the macroscopic level, the phenomenology of high-temperature
(high-Tc) superconductors follows this paradigm. However, at the microscopic level, vortices in high-
temperature cuprates differ from those in conventional superconductors. Scanning tunneling microscopy
indicates the persistence of an energy gap for electronic excitations in the vortex cores [1], and there are
also predictions that the cores are magnetically ordered [2]. Recent experiments on La2−xSrxCuO4 at op-
timal doping indicate that the individual vortices should be considered as nanomagnets with enhanced low
frequency fluctuations but no static order [3]. Here we show that static, long-ranged, antiferromagnetism
is associated with the vortex state in an underdoped sample.
La2CuO4 is an insulator with static commensurate antiferromagnetism. For x>0.05, the magnetic
correlations are characterized by incommensurate (IC) wavevectors of the type shown in the inset of fig.
1b [4]. Dynamic IC correlations are common to all metallic samples, and for x≃1/8, they slow down to
yield static order with a range in excess of 50 Cu-Cu spacings [5–7]. Our samples have x=0.10 and develop
superconductivity below a zero-field transition temperature of Tc(H=0)=29K. The magnetotransport
data in fig. 1a show that even a modest external magnetic field (H) strongly suppresses the onset of the
zero-resistance state. Figure 1b displays the temperature (T )-dependence of the IC order, established via
neutron diffraction. For H=0, the IC order is weak and T−independent up to at least 50K. A field of 5T
produces a T -independent increase of ∼50% in the signal above Tc(H=0), similar to the enhancement
reported at T=4.2K and H=10T for an x=0.12 sample with Tc(H=0)=12K [8]. Our new finding is that
between Tc(H=0) and the irreversibility temperature Tirr(H=5T), a much stronger field-induced signal
appears, saturating at over three times the zero-field signal.
A key to understanding our result is that the measured in-plane magnetic correlation length ζ≥600A˚
is greater than both the superconducting coherence length ξ∼20A˚, and the 218A˚ distance between vor-
tices (at H=5T). The large value of ζ makes it unlikely that the antiferromagnetic signal arises from
individual vortex cores, which have spatial extent ξ. The onset of the signal at a temperature in excess of
Tirr(H=5T) is incompatible with interpretation of the irreversibility line as a vortex melting line, because
vortex motion would dephase the IC order nucleated by the vortices. A more plausible account of our data
proceeds from the hypothesis that the cores nucleate larger, immobile IC regions, which overlap both with
each other and the pre-existing IC background to increase the IC volume fraction. Such agglomeration
would occur as soon as the phase separation proposed by the theory of type II superconductors becomes
advantageous, and leaves only small interstitial regions with SC phase coherence. Phase coherent super-
conductivity would then be established throughout the sample at the lower ’irreversibility’ temperature
via Josephson coupling between the finite-sized SC regions, rather than via freezing of a liquid of mobile
vortices.
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FIG. 1. Magnetotransport and neutron diffraction data for La2−xSrxCuO4 as a function of temperature and
magnetic field. Our sample was grown in an optical image furnace and has strontium content x=0.10, putting it in
the underdoped superconducting regime with Tc(H=0T)=29K. a) shows magnetotransport measurements parallel
to the CuO2 planes, obtained via a standard four-probe method; the colours indicate the electrical resistivity. In a
magnetic field, the sharp transition from normal to superconducting states is broadened into a crossover region and
vortices are thought to form at temperatures where the resistivity falls below its value at Tc(H=0). Phase coherent
superconductivity, characterised by zero resistance, sets in at the much lower (’irreversibility’) temperature,
Tirr(H), marked by the white circles. b) shows the temperature-dependent intensity (above background) of the
neutron diffraction signal for zero field (blue circles) and a field of 5T applied perpendicular to the CuO2 layers
(red squares). The lines are guides to the eye. Measurements were performed on a 1.5cm3 sample, using the
V2 triple-axis spectrometer at the Hahn-Meitner Institute, Berlin. The inset shows the relevant reciprocal space,
labeled using the two-dimensional notation appropriate for the superconducting planes. The black circle at ( 1
2
, 1
2
)
represents the Bragg point associated with the commensurate antiferromagnetism of the insulating x=0 parent
compound. The incommensurate antiferromagnetic order in our metallic x=0.10 material, gives rise to diffraction
at the quartet of red circles (( 1
2
, 1
2
)+(0,±0.12) and ( 1
2
, 1
2
)+(±0.12,0)) where our measurements took place.
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